Mouse lemurs are the smallest of the living primates, and are members of the understudied radiation of strepsirrhine lemurs of Madagascar. They are thought to closely resemble the ancestral primates that gave rise to present day primates. Here we have used multiple histological and immunochemical methods to identify and characterize sensory areas of neocortex in four brains of adult lemurs obtained from a licensed breeding colony. We describe the laminar features for the primary visual area (V1), the secondary visual area (V2), the middle temporal visual area (MT) and area prostriata, somatosensory areas S1(3b), 3a, and area 1, the primary motor cortex (M1), and the primary auditory cortex (A1). V1 has "blobs" with "nonblob" surrounds, providing further evidence that this type of modular organization might have evolved early in the primate lineage to be retained in all extant primates. The laminar organization of V1 further supports the view that sublayers of layer 3 of primates have been commonly misidentified as sublayers of layer 4. S1 (area 3b) is proportionately wider than the elongated area observed in anthropoid primates, and has disruptions that may distinguish representations of the hand, face, teeth, and tongue. Primary auditory cortex is located in the upper temporal cortex and may include a rostral area, R, in addition to A1. The resulting architectonic maps of cortical areas in mouse lemurs can usefully guide future studies of cortical connectivity and function.
as 24 species of mouse lemurs have now been identified (Hotaling et al., 2016) .
Studies of brain organization in mouse lemurs are important for understanding brain evolution for two major reasons. First, as the name implies, mouse lemurs are the smallest of living primates, ranging from 50 to 90 g, and have the smallest primate brains (about 2.5 g for M.
murinus ; Clark, 1931; Mittermlier et al., 1994) . Humans have the largest primate brain, about 500 times larger than that of the mouse lemur. As some features of primate brains scale systematically with brain size (e.g., Azevedo et al., 2009; Herculano-Houzel, Collins, Wong, & Kaas, 2007; Herculano-Houzel, 2016; Horv at et al., 2016 ) studies of mouse lemur brains will play a key role in refining existing scaling rules for primate brains. In addition, extremely small brains may exhibit unique adaptations including fewer cortical areas than the brains of other mammals in the clade (Catania et al., 1999) . There is some evidence that the number of cortical areas scale with brain size in primates (Kaas & Hackett 2000; Kaskan et al., 2005) . Second, mouse lemur membership in the understudied Strepsirrhini clade makes its phylogenetic relation to other primates of particular interest. This clade of wet-nosed primates (the wet nose is a primitive primate feature; haplorrhine primates that diverged from strepsirrhine primates have a dry nose) includes the lemurs, galagos, and pottos of Africa, and the lorises of Southeast Asia (Horvath et al., 2008) . Relative to body size, strepsirrhines have small brains with less expanded temporal lobes, and closely resemble those of the extinct adaptiform branch of the primate radiation (Dunn et al., 2016; Kirk et al., 2014; Silcox, Dalmyn, & Bloch, 2009; Silcox, Benham, & Bloch, 2010) . As ancestral primates are thought to have been small, around the size of a mouse lemur or slightly larger (Bloch & Boyer, 2002; Sussman, Tab Rasmussen, & Raven, 2013) , the organization of mouse lemur brains may closely resemble that of early primate brains. Overall, mouse lemurs have been considered a living model of early primates (Gebo, 2004) .
Due to their limited availability, there have been few studies of brain organization in lemurs and other Strepsirrhini, with the exception of the African galago, which is available in laboratory breeding colonies.
For studies on lemurs, a few mouse lemurs (M. murinus) have been available from a colony in France, the Brunoy colony in Paris and another colony in the USA. Previously, there have been two comprehensive architectonic studies of cortical organization in M. murinus. Le Gros Clark, an early leader in the field of primate brain evolution (see Le Gros Clark, 1971) , described the external appearance and cortical cytoarchitecture from a single mouse lemur donated by the zoological society at London (Le Gros Clark, 1931) . A number of proposed cortical areas were delineated and described using the numbering system of Brodmann (1909) . A more recent quantitative study, but still limited to cytoarchitectonics, was from the laboratory of Karl Zilles (Zilles, Rehkämper, Stephan, & Schleicher, 1979) . Proposed areas were named and numbered by location in a brain region (e.g., Frontal areas Fr1, Fr2, and Fr3). Here, we describe cortical areas from brain sections proc- 
| Tissue acquisition
Animals were euthanized and perfused with 2% or 4% paraformaldehyde (PFA) dissolved in 0.01M phosphate-buffer (PB) in Lyon, France; brains were then extracted and shipped to Vanderbilt University. Two cortical hemispheres were separated from subcortical regions and manually flattened (see Stepniewska et al., 2004) , postfixed in 4% PFA/ 0.01M PB, and cryoprotected in 30% sucrose in 0.1M phosphate buffer (PB). The flattened cortices were then cut into 40 mm sections parallel to the pial surface. Remaining hemispheres were blocked coronally, sagittally, or horizontally, and cryoprotected in 30% sucrose in 0.1M phosphate buffer (PB), then cut into 40 mm sections in each plane. Alternating series of sections were processed immediately for cytochrome oxidase (CO; Wong-Riley, 1979) or Nissl, or stored in 0.05 m TBS/AZ for immunohistochemistry.
| Immunohistochemistry
Immunohistochemical methods (IHC) were used to label neuronal nuclei (NeuN), vesicular glutamate transporter 2 (VGLUT2), parvalbumin (PV), or nonphosphorylated neurofilament (SMI-32), as previously described (Balaram, Hackett, & Kaas, 2013) . Sections were incubated in blocking solution for 2 hr prior to overnight incubation with the primary antibody, dissolved in blocking solution. Sections were rinsed several times in 0.01M PBS to remove excess primary antibody, incubated for 2 hr with the secondary antibody in a blocking solution, followed by overnight incubation in ABC solution dissolved in horse serum. After additional rinses in 0.01M PBS, sections were mounted on gelatinsubbed slides, dehydrated, and coverslipped with Permount. All antibodies have been previously characterized in architectonic studies of primates and closely related nonprimate species (Wong & Kaas, 2010) .
Other sections were processed histochemically for cytochrome oxidase (Wong-Riley, 1979) or with thionin for Nissl substance.
| Antibody characterization
Anti-VGluT2 primary antibody: the antigen for the vesicular glutamate transporter 2 (VGluT2) was recombinant protein from mouse VGluT 2 (Mouse anti VGluT2, Cat# MAB5504, Millipore, Burlington MA; Immunogen is KLH-conjugated linear peptide). In Western Blots of primate neocortex, the antibody recognizes a 56-kDA bond, the molecular weight of VGluT2 (Baldwin et al., 2013) . This primary antibody was used in concentration of 1:5,000 parts.
Anti-PV primary antibody: The mouse monoclonal antibody PV (Mouse anti PV, Cat# P3088, Sigma-Aldrich, StLouis MO; Immunogen is frog muscle parvalbumin) reacts with the calcium binding spot of PV.
This primary antibody was used in the concentration of 1:2,000 parts.
Anti-SMI-32 primary antibody: The anti-SMI -32 antibody is a mouse monoclonal antibody that specifically recognizes the 200-kDa non phosphorylated epitope in neurofilament H of a tested range of mammalian species (Mouse anti SMI-32, Cat# 801701, BioLegend, San Diego CA; Immunogen is homogenized hypothalami). The SMI-32 antibody labels neuronal cell bodies, dendrites and some thick axons, but not other cells and tissues (Hof & Morrison, 1995; Wong & Kaas, 2009 ). The concentration of this primary antibody used was 1:2,000 parts as well.
Secondary antibody: The secondary against all the above primary antibodies was made in horse (Horse anti-mouse, Cat# BA-2000 also BA2000, Lot#RRID:AB_2313581,Vector Laboratories). The concentration used was 1:300 parts.
| Light microscopy
Digital photomicrographs of cortical regions were acquired using a Nikon DXM1200 camera mounted on a Nikon E800 microscope (Nikon Inc., Melville NY). Images were adjusted for brightness and contrast using Adobe Photoshop (Adobe Systems Inc., San Jose, CA) prior to reconstruction.
| Cortical reconstruction
Flat sections were projected and traced using a Bausch and Lomb microprojector (Bausch and Lomb, Rochester, NY). Adjacent sections were aligned using blood vessel and areal boundaries to generate reconstructions spanning the cortical depth or the length or width of the hemisphere. Cortical areal boundaries were consistently identifiable across CO and VGluT2 labeled flat sections. Coronal, sagittal, and horizontal labeled sections were also aligned to generate reconstructions of rostral and dorsal views of the brain. In these preparations, all six histological and immunohistochemical procedures were used to identified cortical areal boundaries.
| R E SU LTS
We used multiple histological procedures to optimally define and characterize sensory and motor areas of neocortex in four mouse lemur brains. The locations of areas under consideration are shown in Figure   1 . Each view of the brain was reconstructed from serial brain sections cut in a different plane, and imposed on a photograph of a matching view of the brain. Figure 1a shows cortical areas on the cortical surface that has been separated from the rest of forebrain, manually flattened, and cut sectioned parallel to the surface. This allows most of the cortical surface to be shown in a single view, and the spatial relations of areas to be well appreciated. Although the flattening procedures produce some distortion, this is a relatively minor issue in small brains with few fissures. The small mouse lemur brain has only two fissures, the lateral or sylvian fissure, and the calcarine fissure of primary visual cortex on the medial wall of the hemisphere (Le Gros Clark, 1931) . This , and V3, visual areas 1-3; MST and MT, middle temporal visual areas and medial superior temporal area; R and A1, auditory area 1 and the rostral auditory area; S1, 3b, 3a and 1;somatosensory areas S1(3b), 3a and 1; M1, primary motor cortex; OB, olfactory bulb. Inj, a damaged region due to an injection of a tracer. Scale bar 5 1 mm [Color figure can be viewed at wileyonlinelibrary.com]
were based on serial coronal or sagittal sections, respectively. Here, we first describe the architecture of visual areas, followed by somatosensory and then auditory cortex.
3.1 | Visual areas V1 (area 17), V2 (area 18), prostriata, and MT
The primary visual area, V1, as in other primates, is proportionately large (Cooper at al., 1979; Frahm, Stephan, & Baron, 1984) and very distinct in histological preparations. One of the most revealing preparations is to react for the VGluT2 protein which is concentrated in the synaptic terminals of thalamocortical axons (see Balaram et al., 2013) of the driving type that activates primary cortical areas (Sherman & Guillery, 2011) . Studies in other primates indicate that dense concentrations of VGluT2 protein identify layer 4 and the layer 3 blobs of V1 (e.g., Wong & Kaas, 2010; Balaram et al., 2013; Balaram & Kaas, 2014) .
Thus, the border of V1-V2 is most apparent in brain sections of flattened cortex in the section containing layer 4 (dark regions in Figure   2a expression is almost totally absent from V2, as V2 receives relatively few inputs from the dorsal lateral geniculate nucleus (e.g., Bullier & Kennedy, 1983) . In this way, the border appears very sharp. The V1 blobs are much less evident in this coronal section, as the geniculate projections to blobs are much less dense than those to layer 4. Sections processed for the calcium binding protein, parvalbumin (PV) likewise densely stain layer 4 of V1, and reveal a lighter blob pattern ( Figure   3b ). The PV antibody also labels the geniculate afferent terminals in V1 of other primates and mammals (e.g., Wong & Kaas, 2009 ). In addition, V1 is readily distinguished from V2 by antibody SMI-32 against the nonphosphorylated neurofilament protein, which labels mostly pyramidal neurons and their dendritic arbors in lower layer 3 and layer 5 (e.g., The classical view of lamination in V1 (area 17) of primates is largely based on Nissl preparations (e.g., Brodmann, 1909) . In Nissl section through V1 of mouse lemurs, the laminar pattern of V1 is marked, and it clearly distinguishes V1 from V2 ( Figure 4) . However, as a nocturnal strepsirrhine primate, the laminar pattern in V1 is less distinct than in diurnal monkeys (Paxinos, Watson, Peptrides, Rosa, & Tokuno, 2012; Balaram & Kaas, 2014) . What is evident is that layer 6 is densely packed with cells, layer 5 has sparsely scattered cells and layers 4 and 3 are densely packed, and not easy to subdivide. On careful inspection, it can be seen that layer 4 includes a deeper sublayer (4b) that is narrow and more cell dense ( Figure 4a ). Just above sublayer 4b, a thin, light septum or 4b sublayer may be apparent. More superficially, a somewhat broader sublayer (4a) is distinguished as composed of less darkly stained cells.
Just superficial to layer 4, a sublayer of layer 3, is apparent as a lighter band of less densely packed cells. This is layer 3c of Hassler's (1966) terminology for V1 of primates, and it is not always obvious throughout V1 of mouse lemurs. However, in the boundary region of 17/18, the sublayer 3c of V1 continues into V2 as a similar deep part of layer 3, and the three sublayers of layer 4 continue from area 17 to form a homogenous layer 4 in area 18. The significance of this interpretation of layers and sublayers in area 17 is considered further in the discussion.
The laminar pattern of V1 is shown at higher magnification for five brain preparations ( Figure 5 ). VGluT2 positive axon terminals are densely labeled in layer 4b and less so in layer 4a, reflecting the differences in the projections of parvocellular and magnocellular lateral geniculate layers to lower and upper layer 4, respectively. These differences are also apparent in PV and CO preparations where the darker staining is in layer 4b due to differences in the terminals from the parvocellular and magnocellular layers of the lateral geniculate nucleus.
The PV preparations also show the cell bodies of PV positive inhibitory neurons that are scattered across layers. SMI-32 preparations best reveal the cell bodies and dendritic arbours of the larger pyramidal neurons that are located in layers 3b, 3c, and 5. Finally, the NeuN preparation reveals a layer 4 that is densely packed with small neurons, while a narrow layer 3c has less densely packed neurons, as does layer 5. becomes thin as it represents the extreme periphery of the visual field, and it is adjoined by area prostriata (Allman & Kaas, 1971; Rosa, Casagrande, Preuss, & Kaas, 1997) , which is characterized by a less pronounced lamination pattern in Nissl preparations (Allman & Kaas, 1971 ). Area prostriata (Morecraft et al., 2000; Sanides, 1972; Yu, Chaplin, Davies, Verma, & Rosa, 2012 ) is a small limbic area adjacent to retrosplenial cortex.
The middle temporal visual area, MT (Allman & Kaas, 1971 ) is a subdivision of visual cortex that has been found in all primates studied to date. MT is distinctive in that this area in the upper temporal lobe shares architectonic features with primary sensory areas of cortex (Bourne & Rosa, 2006) . In the mouse lemur, evidence for MT was obtained from sections processed for VGluT2, which are densely expressed in layer 4 (Figure 6 ), as in primary sensory areas. Other evidence came from higher expressions of VGluT2 and CO processed sections of flattened cortex and VGluT2 processed sections cut in the sagittal plane. The adjoining middle superior temporal area, MST, has similar architecture (Wong & Kaas, 2010) , so it can be difficult to separate the two areas. The architectonic features of MT in mouse lemurs may reflect only MT, or MT plus MST (Figure 1 ).
| Somatosensory and motor cortex
The somatosensory cortex of mouse lemurs includes a primary area, S1
or area 3b, a dysgranular strip of narrow cortex along the rostral borders of S1, likely area 3a, and cortex along the caudal border of S1 that is likely area 1 (Figure 1a ). Cortex extending from lateral S1 into the rostral bank of the lateral fissure has less pronounced features of sensory cortex, and this cortex includes the expected locations of the second somatosensory area, S2, and the parietal ventral area, PV (see Wong & Kaas 2010 , for galagos). S1 (3b) in mouse lemurs can be identified in Nissl or NeuN preparations by a layer 4 that is densely packed with neurons ( Figure 6 ), as in other primates, including other strepsirrhines (Wong & Kaas, 2010) . Layer 3 in area 3b is also somewhat densely packed with neurons and therefore is not so sharply demarcated from layer 4 (Figure 6b ). The pattern of VGluT2 expression reveals one of the features of S1 (3b) that is especially predominant in mouse lemurs. As seen in Figure 7a (Figure 8c, d and b) . Thus, the gaps include other layers in addition to layer 4. Along the caudal border of S1, cortex in the expected regions of S2 and PV has a well-developed layer 4 and other features of sensory cortex, although less pronounced than in S1 (3b). More medial cortex along the caudal border of S1 (3b), presumptive area 1, also has less pronounced sensory features (not shown).
Cortex just rostral to area 3b includes the dysgranular area 3a and then the agranular area 4 or primary motor cortex (Figure 1) . The mediolateral extents of these areas have a caudorostral tilt so that all three areas are present in favorable coronal brain sections (Figure 9 ). In Nissl preparations, area 3b clearly has a more pronounced layer 4 of densely packed cells than presumptive area 3a. In M1, a layer 4 is not distinguished from layer 3. VGluT2 is densely expressed in layer 4 of area 3b, and less so in area 3a, as area 3b receives dense activating inputs from the ventroposterior nucleus of the thalamus, and area 3a receives sensory inputs from the ventroposterior superior nucleus in primates . The reduced VGluT2 staining in M1 likely reflects activating inputs from the motor thalamus. As a clear layer 4 is not usually recognized in agranular M1, we attribute the VGluT2 labeling to the deeper part of layer 3. Alternatively, this zone of 
| Auditory cortex
In primates, auditory cortex consists of two or more areas with histological characteristics of primary sensory cortex. These core areas are located in temporal cortex along the dorsal end of the lateral sulcus, extending somewhat into the caudal bank of the central sulcus (Kaas & Hackett 2000; . The most dorsal and caudal of these areas is A1, and the adjoining rostral core area is area R (for rostral).
A small rostral temporal area, RT, is sometimes included in the core, and a most caudal area, CM, has some features of core cortex, but is not included in the core. In the mouse lemurs, the region we define as primary auditory cortex is mainly A1, although some or much of area R may be included (Figure 1) . In VGluT2 preparations A1 is characterized by a densely labeled layer 4 (Figure 10a ). Medial and lateral to A1, the medial and lateral belt areas of secondary auditory cortex express lower levels of VGluT2. Sections processed for PV show A1
as an area with a densely labeled layer 4, with the PV label extending into lower layer 3 (Figure 10c ). The sections reacted for CO also have a more densely labeled layer 4, with label extending into layer 3 (Figure 10e ). In sections processed for NeuN, layer 4 is densely packed with neurons, as is layer 3, so there is only slight contrast between the somewhat denser layer 4 and layer 3 (Figure 10d ). In belt cortex, just lateral to A1, layer 4 is narrower and layer 3c is less packed with neurons, appearing as a lighter band. In sections processed for SMI-32, the dark layer 3 band of labeled pyramidal neurons and dendrites is broader and darker in A1 than in the adjoining lateral medial belt areas.
| D ISC USSION
Here we describe the histological features of sensory cortex in the mouse lemur, M. murinus. This enables us to compare present results and conclusions with those of two excellent previous studies of the architecture of neocortex in M. murinus, which were completed before the current range of effective histochemical procedures were available.
We also relate present interpretations to the histological studies of sensory cortex in other primates, especially the extensively studied strepsirrhine primate, the African galagos, as well as the smaller New World marmoset monkeys, and the nocturnal New World owl monkeys. We start with a brief review of the phylogenetic relations of the primates under consideration. (Yoder et al., 1996) . The many extant species of mouse lemurs are closely related. Surviving haplorrhine primates include the early branch that led to present day New World (platyrrhine) monkeys and Old World (haplorrhine) monkeys which gave rise to apes and humans.
| Primate phylogeny

| Relation of present results to previous studies of mouse lemur cortex
Our present depiction of the extents and locations of sensory and motor areas of neocortex are reasonably consistent with the earlier observations of Zilles et al. (1979) and the much earlier observations of Le Gros Clark (1971) (Figure 11 ). Clark, more than anyone, called attention to the mouse lemur's brain as a key to understanding early stages of primate evolution (Le Gros Clark, 1958) . Given that Clark's 1931 study was limited to cytoarchitecture, and occurred well before a modern understanding of cortical organization emerged from studies of brain connections and physiological mapping, Clark's conclusions were impressive. Zilles's study was also based on cytoarchitecture, but there was already physiological evidence for visual and other sensory and motor areas in primates to guide interpretations. Thus, Zilles et al (1979) included an area MT, previously described from microelectrode mapping of its representation of the contralateral visual hemifield and its myeloarchitecture and cytoarchitecture in owl monkeys (Allman & Kaas, 1971 ) and then in galagos (Allman, Kaas, & Lane, 1973) . The existence of V1 and V2 as representations corresponding to areas 17 and 18 was already well established in primates (Allman & Kaas 1971 , 1974 , as was some impression of where primary auditory, somatosensory and motor areas are located. Yet, the Zilles et al (1979) study preceded the identification of primary somatosensory or auditory cortex by microelectrode mapping methods in any strepsirrhine primate (Sur, Nelson, & Kaas, 1980; Brugge 1982) . It was not yet clear that the primary somatosensory cortex (S1) of nonprimates corresponds to only area 3b of primates (Kaas, 1983) , and not areas 1-3 as Brodmann (1909) suggested for some nonprimates, and even some primates (marmosets). In mouse lemurs, both Clark and Zilles identified a primary region that is similar in location to our S1, but our S1 extends further medial and onto the cortex of the medial wall, and extends into more of ventrolateral cortex. S1 is known to occupy these regions in galagos (Sur et al., 1980; Kaas, Qi, & Iyengar, 2006) and other primates (Iyengar, Qi, Jain, & Kaas, 2007; Manger et al., 1996) . The locations of primary motor cortex (area 4) also differ somewhat from our description, perhaps because the histological features of M1 tend to become more muted where the face and mouth are represented in lateral M1 in primates (for galagos, see Wu, Bichot, & Kaas, 2000) . According to Zilles et al. (1979) , primary auditory cortex extends further ventrally in the temporal lobe than shown here, which now seems unlikely following studies of auditory cortex in galagos (Brugge, 1982) and other primates . The cortical area Te1 of primary auditory cortex in Zilles et al. (1979) probably includes area R, as well as RT, and perhaps more. Area 22 of Clark (1931) probably includes A1, R, RT and visual areas MT and MST, as all these areas have architectonic features of sensory cortex.
| The layers and modules of area 17 in mouse lemurs
Our present architectonic results from area 17 of mouse lemurs shed further light on two issues of contention. Our results demonstrate for the first time that area 17 of mouse lemurs has the modular subunit of blobs and nonblobs surrounds. Blobs were first recognized in area 17
by Margaret Wong-Riley (1979) when she initiated a series of studies using cytochrome oxidase to describe cortical areas (see Horton, 1984) .
The dark ovals of CO expression in layer 3 of area 17 of some monkeys were called puffs and patches, but finally the term "blobs" won out (Casagrande & Kaas, 1994) . Area 17 of primates receives M, P, and K cell inputs from the magnocellular, parvocellular, and koniocellular FIG URE 7 A coronal section of S1 cortex processed for neuron cell bodies with NeuN. (a) At a lower magnification, S1 (area 3b) appears to be patchy (arrowheads) due to disjunctions in the S1 representation (likely representing foot and hand). (b) A view of S1 at a higher magnification marking layers 3 through 6. Layers 3 and 4 are densely packed with neurons. Also note the sublaminar pattern in layer 3. Scale bar in a 5 1 mm, in b 5 0.5 mm [Color figure can be viewed at wileyonlinelibrary.com] layers of the lateral geniculate (LGN) nucleus. These inputs are very much like the X, Y, and W cell inputs of other mammals, and they probably reflect homologous subsystems (Casagrande & Kaas, 1994) . The K neurons of the LGN terminate in the layer 3 blobs of area 17 but not in the nonblob surrounds (Lachica & Casagrande, 1999; Ding & Casagrande, 1997 . The functions of the K subsystem remain under investigation but in diurnal primates with trichromatic vision, the blobs are implicated in blue cone color vision (Casagrande 1994) . However, blobs are prominent in those nocturnal primates that have been studied, and early primates were likely nocturnal (Allman, 1988) . Thus, blobs more broadly appear to be concerned with stimulus contrast. In diurnal primates, K cell subsystem may be sensitive to differences in color and in lightning (Shostak, Ding, Mavity-Hudson, & Casagrande, 2002) . If the restriction of K cell inputs to blobs in area 17 evolved in early primates, or their immediate ancestors, then blobs are likely present in all primates. Although blobs have not always been found in strepsirrhine primates (McGuinness et al., 1980; McGuiness et al., 1986) , this could reflect the condition of postmortum brains from primates that died a natural death. Other strepsirrhine primates where blobs have been demonstrated include the dwarf lemur, Cheirogaleus medius (Preuss & Kaas, 1996) , which diverged from the mouse lemur line some 30 mya (Horvath & Willard, 2007) . Blobs have also been described in galagos (Condo & Casagrande, 1990 ) and the loris, Nycticebus coucang (Preuss, Beck, & Kaas, 1993) . Finally, present day tarsiers, as the earliest surviving other branch of the haplorrhine line of primate evolution, also have blobs in area 17 (Collins, Hendrickson, & Kaas, 2005) . Thus, our identification of blobs in mouse lemur brain here adds to the already impressive assay of comparative evidence that blobs evolved in early FIG URE 8 S1 in especially more frontal sections appears to be patchy, due to disjunctions in the somatotopy. (a) Coronal section through frontal cortex processed for VGluT2. Dense patches of label (marked by arrowheads) in layer 4 and extending into layer 3, characterize parts of S1 (3b) likely representing the foot and hand. A lateral patch (arrow heads) may correspond to mouth representation. (b) PV is expressed densely in layer 4 and somewhat in layer 3 of S1. (c) Section processed for SMI-32 has dense patches of labeled neurons, mainly in layer 3 of S1, but also in layer 5. The dorsolateral patches likely represent the foot and hand of S1, while a medial patch may represent the tail and hand limb. A most lateral patch could be S1 teeth or tongue cortex. (d) The S1 patches are also apparent in a sections processed for CO. Scale bar 5 1 mm [Color figure can be viewed at wileyonlinelibrary.com]
primates, or in their immediate ancestors, and have been retained in all extant primates.
Another issue is over the identities of layers in area 17 of primates. Brodmann (1909) established the now dominant view that layer 4 of primates has three prominent sublayers, 4a, 4b, and 4c. Hassler (1966) considered a greater range of primate species and concluded that sublayers 4a and 4b of Brodmann (1909) are actually sublayers of layer 3, and termed them 3b and 3c, as in the present study. The issue is important if one is comparing the features of area 17 layers across species, or across cortical areas. Brodmann (1909) concluded that layers 4a, 4b, and 4c of area 17 merged to form a single, homogenous layer 4 in area 18, while Hassler (1966) argued from his material that only Brodmann's 4c merged with layer 4 of area 18, and that layer 4a terminated at the 17-18 border while layer 4b of area 17 merged with layer 3 of area 18. This issue has been more specifically investigated in a comparative study using VGluT2 immunoreactivity as a label in area 17 of seven primate species with results that support the conclusions of Hassler (Balaram & Kaas, 2014) . Hassler (1966) (Casagrande & Kaas, 1994) , and the cell poor middle sublayer of 4, when present, appears as a "no man's land" between the two inputs. In VGluT2 preparations of area 17 in mouse lemurs, layer 4, as presently defined, has a densely labeled inner sublayer and a less densely labeled outer sublayer, suggesting that the innervation by the parvocellular LGN layers is denser than the innervation by the magnocellular LGN layers. These sublaminar differences in VGluT2 expression in mouse lemurs also exist in layer 4 of area 17 in other primates (Balaram & Kaas, 2014) . PV preparations also reveal the two cell-dense sublayers of layer 4. PV expression in area 17 varies with species and age, but the expression of PV in adult marmosets (Spatz, Illing, & Weisenhorn, 1994 ) and galagos (Wong & Kaas, 2010) is also darker in the inner than compared to the outer layer 4. In mouse lemurs, SMI 32 labels pyramidal cells in layer 3c and layer 5 while leaving layer 4 almost free of label (Figure 3) . In marmosets, SMI-32 preparations also identified layer 4 of area 17, as presently defined, as a band nearly free of SMI-32 that extends to form layer 4 of area 18 (Baldauf, 2005) .
Layer 5 and inner layer 3 (identified in marmosets as 4b) of area 17 were densely labeled, as in mouse lemurs, and these dense bands extended into layers 3c and 5 of area 18. In a similar manner, layers 3c (identified as 4b) and 5 were densely labeled by SMI-32 in macaques, while layer 4 (identified as 4C) was free of SMI-32 (Hof & Morrison, 1995) . Overall, the histological results from area 17 of mouse lemurs are consistent with the conclusion of Hassler (1966 ) that Brodmann (1909 misidentified sublayer of layer 3 in primates as sublayers of layer 4 (e.g., that 4a and 4b are 3b and 3c).
In contrast to layer 4, the three sublayers in layer 3 in area 17 of seven primate species are not as obvious in mouse lemurs (Balaram & Kaas, 2014; Collins et al., 2005) . However, there is a hint of a cellsparse layer 3c in parts of layer 3 near the 17/18 border (Figure 4a ).
| MT exists in mouse lemurs
In the present study, we provide histological evidence for the existence of the middle temporal visual area, MT, in mouse lemur brains. MT was most clearly evident in VGluT2 and SMI-32 preparations, where VGluT2 was expressed densely in layer 4 of MT and SMI-32 was expressed densely in layers 3c and 5, in comparisons with adjoining cortex. As shown in Figure 11 , Zilles et al. (1979) had previously identified MT in Nissl stained sections in mouse lemurs, while Frahm, Zilles, Schleicher, and Stephan (1998) identified MT in myelin-stained sections from mouse lemurs (not shown) and 26 other primate species. The dense myelination of MT led to its early discovery (Allman et al., 1973 ).
Our present results clearly support their previous evidence for MT in this smallest of primates, where the size of MT is roughly 10% of V1 and 1.8% of neocortex (Frahm et al., 1998) . In large brained monkeys, MT is somewhat larger relative to V1, but smaller relative to neocortex.
| The extent and discontinuities in S1 (3b)
We found primary somatosensory cortex of mouse lemurs to be more extensive than in previous descriptions based solely on Nissl preparations ( Figure 11 ). In order to use a consistent architectonic term for this area in primates and other mammals, we refer to S1 as area 3b, instead of the 1-3 designation variously used by Brodmann (1909) in rabbits and elsewhere. In the depiction of the architectonic areas of a large lemur brain, Brodmann (1909) , referred to the S1 region as area 1, while noting that this area 1 becomes S1 (3b) of monkeys. This variation in terminology reflects variations in the architectonic distinctiveness of S1 (3b), and confuses issues of homology. S1 has a distinctive functional organization across mammals, and its dense direct inputs from the somatosensory thalamus clearly identify it as homologous across species (Kaas, 1983) . Thus, a consistent architectonic term is preferable. While Brodmann (1909) extended "S1" of the lemur brain onto the medial wall of the cerebral hemisphere, as in the present study, the area was not extended as far laterally as shown here. Studies of the somatotopy of the S1 representation in galagos and monkeys show that S1 (3b) extends ventrally in the frontal cortex, and that this portion of the area represents parts of the face, tongue, and teeth (Jain et al., 2001; Kaas et al., 2006) . A lateral portion of S1 is characterized by a narrow septum of cell poor cortex that separates the hand and face representations, while other more ventral cell poor regions separate parts of the face representation, and representations of the teeth and tongue. Histological gaps in S1 (3b) of mouse lemurs (Figure 7 ), likely present discontinuities in the S1 representation, as they do in galagos and monkeys. Similar partial disruptions of the granular S1 representation by dysgranular cortex are also seen in rodents (Krubitzer, Sesma, & Kaas, 1986; Dawson & Killackey, 1987) . We assume that the cortex along the caudal border of S1 (3b) is the area 1 representation, which is likewise characterized by direct inputs from S1 (3b) and less pronounced histological features of sensory cortex (Kaas, 2004) . All or most mammals have a strip of cortex along the caudal border of S1 that receives S1 projections, so this presumptive area 1 may be one of the older areas of mammalian cortex (Kaas, 2017) . A narrow strip of dysgranular cortex separates S1 from primary motor cortex, M1, in mouse lemurs, as in other primates, including galagos (Wong & Kaas, 2010) . This narrow strip of cortex is area 3a of primates and an area 3a likely exists in all or most mammals (Kaas, 2017) .
| Motor cortex
The full extent of primary motor cortex, M1 was difficult to delimit in the present study, as one of the features of M1, the large layer 5 pyramidal neurons, varies across the representation. These neurons are larger when they are most medial in M1 and project the longest distance in the spinal cord. In the small mouse lemurs, even the longest projections are short, and large pyramidal neurons were not evident.
However, the extent of M1 (Figure 10c ) is consistent with the expected extent from M1 as identified by microstimulation in galagos (Wu et al, 2000) . Both Le Gros Clark (1931) and Zilles et al (1979) identified an area 4 rostral to somatosensory cortex that overlaps our present M1 (Figure 11) . Because of the distribution of large pyramidal neurons is variable across M1 in primates, a full correspondence between architectonic area 4 and M1 as determined by microstimulation, does not always occur (Stepniewska et al., 1993) .
| Auditory cortex
Auditory cortex in primates has been less intensively studied than the visual and somatosensory areas, but now there are commonly accepted models of auditory cortex organization in monkeys (e.g., Kaas & Hackett, 2000) . These models include a core of primary areas, with a surrounding belt of eight secondary areas and parabelt regions of at least two areas. We are far from understanding how this model applies to strepsirrhine primates but here we have been able to identify a primary region in mouse lemurs that corresponds to A1, or A1 plus R, as in galagos (Brugge, 1981; Wong & Kaas, 2010) .
| What does the mouse lemur brain tell us about the evolution of neocortex?
Two trends characterize the evolution of brains from early mammals to humans: brains and especially neocortex got bigger, and there was an increase in the number of cortical areas (Kaas & Preuss, 2014 , Kaas, 2017 . Early mammals were small, and had small brains with a neocortex that was nevertheless divided into as many as 20 cortical areas.
Sensory representations took up much of the space. Early primates were not that much bigger, but their brains were already larger compared to body size, and much of this increase was in neocortex. Judging from galagos, (Wong & Kaas, 2010) , early primates may have had as many as 50 cortical areas. Estimates for macaque monkeys are 180 or more (e.g., Van Essen, Glasser, Dierker, & Harwell, 2011) , and humans even higher (Van Essen, Glasser, Dierker, Harwell, & Coalson, 2011) . In early mammals with few cortical areas, laminar and areal differences were less pronounced, while cellular, laminar and modular distinctions increased as the number of areas increased in present day primates with much larger brains. Although only a few cortical areas have been defined in mouse lemur cortex in the present study, proportionately more of the cortex in this species appears to be devoted to primary sensory and motor areas compared to most other anthropoid primates, and perhaps more than even the more comprehensively studied galagos (see Frahm et al., 1984, for area 17) . Thus, mouse lemurs are likely to have fewer cortical areas than most or all monkeys, and be more similar to the more closely related galagos. Given their small brains, mouse lemur may have fewer cortical areas than any extant primates.
As cortical areas must be of a certain size to contain enough neurons to mediate their basic functions, sizes of neocortex constrain the numbers and functions of cortical areas (Kaas, 2000; Catania, Lyon, Mock, & Kaas, 1999) . Overall, mouse lemur brains are expected to closely resemble those of early primates.
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